Abstract -B u l k magnetization measurements a t room t e m p e r a t u r e o f f r e e z e d r i e d m a g n e t o t a c t i c b a c t e r i a l c e l l s , n o n m a g n e t o t a c t i c b a c t e r i a l c e l l s , and extracted magnetosomes from m a g n e t o t a c t i c c e l l s a r e presented. The r o l e of t h e magnetosome i n t h e magnetotactic response of swimming c e l l s i s discussed.
S e v e r a l s p e c i e s o f m o t i l e a q u a t i c b a c t e r i a s w i m a l o n g t h e e a r t h ' s m a g n e t i c f i e l d l i n e s when dislodged from t h e s e d i m e n t s w h e r e t h e y l i v e [ l , 2 I. One of t h e s e s p e c i e s , a m a g n e t o t a c t i c s p i r i l l u m d e s i g n a t e d s t r a i n MS-I, has been isolated and cultured in a chemically defined medium 131. Each s p i r i l l u m contains a magnetosome 14 1, an intracytoplasmic l i n e a r c h a i n o f a p p r o x i m a t e l y 20 m a g n e t i t e p a r t i c l e s which imparts a net magnetic dipole moments t o t h e c e l l . The presence of magnetite was f i r s t d e t e c t e d by Mossbauer spectroscopy [5 3. The magnetic moment o f t h e c h a i n is l a r g e enough t o o r i e n t t h e c e l l i n t h e geomagnetic f i e l d a t room temperature [ 6 1.
The m a g n e t i t e p a r t i c l e s h a v e a u n i f o r m s i z e and a euhedral shape, each 40 t o 50 nm on a s i d e . They a r e enveloped by a membrane-like boundary layer which may m a i n t a i n t h e i r l i n e a r c o n f i g u r a t i o n i n t h e c e l l
[ 41.
To c h a r a c t e r i z e t h i s u n i q u e b i o l o g i c a l s t r u c t u r e w e have made bulk magnetic measurements of whole, d r i e d s p i r i l l a and i s o l a t e d magnetosomes.
I n t h i s paper we p r e s e n t m a g n e t i z a t i o n d a t a o b t a i n e d a t room temperature.
Magnetotactic and nonmaenetotactic variants of s t r a i n MS-I were cultured and prepared as described previously [3,51. Magnetosomes w e r e n o t p r e s e n t i n c e l l s o f t h e n o n m a g n e t o t a c t i c v a r i a n t . F r e e z e -d r i e d , washed c e l l s o f each type were measured.
Measurements were a l s o made on i s o l a t e d magnetosomes from t h e m a g n e t o t a c t i c v a r i a n t which were extracted nonmagnetical.ly by c e n t r i f u g a t i o n o f s o n i c a l l y l y s e d c e l I s .
Magnetization data up to 10 kOe were obtained on m i l l i g r a m s i z e s a m p l e s a t room temperature using a Princeton Applied Research vibrating sample magnetometer.
The p a r a m e t e r s c h a r a c t e r i z i n g t h e m a g n e t i z a t i o n d a t a f o r t h e whole m a g n e t o t a c t i c c e l l s ( S -l ) , whole nonmagnetotactic cells (S-2),
and i s o l a t e d magnetosomes ( S -3 ) , a r e p r e s e n t e d i n T a b l e 1.
Samples S -l and 5-3 exhibited normal ferromagnetic h y s t e r e s i s c u r v e s .
Sample S-2 on t h e o t h e r h a n d , displayed no discernible ferromagnetic behavior. The specimen measurement was b a r e l y d i s t i n g u i s h a b l e from t h e s l i g h t diamagnetism of the empty specimen holder alone. The a p p a r e n t d i a m a g n e t i c s u s c e p t i b i l i t y f o r -5 x lo-' G-cm3/gm/0e. t h e nonmagnetic c e l l u l a r m a t e r i a l i s a p p r o x i m a t e l y
The magnetization of whole magnetotactic cells ( S -l ) s a t u r a t e d a t 1750 Oe, with a s a t u r a t i o n magnetization J, = 0.9 G-cm3/gm, e q u i v a l e n t t o 1% magnetite by weight.
The s a t u r a t i o n remanence Jr was 47% of t h e s a t u r a t i o n m a g n e t i z a t i o n , v e r y c l o s e t o t h e 50% t h e o r e t i c a l e x p e c t a t i o n f o r n o n -i n t e r a c t i n g uniaxial single-domain moments 171. The c o e r c i v i t y Hc and coercive force of remanence HCr were 220 O e and 270 Oe, respectively.
The extracted magnetosomes (S-3) were a l s o h i g h l y magnetic. The m a g n e t i z a t i o n s a t u r a t e d a t 2000 Oe, with a s a t u r a t i o n m a g n e t i z a t i o n Js = 13 G-cm3/gm, which is e q u i v a l e n t t o 14% magnetite by weight. The s a t u r a t i o n remanence was only 42% o f t h e s a t u r a t i o n m a g n e t i z a t i o n . T h i s s u g g e s t s s t r o n g e r m a g n e t i c i n t e ra c t i o n s i n comparison t o t h e whole magnetotactic c e l l s , due t o t h e h i g h e r c o n c e n t r a t i o n of moments i n t h e e x t r a c t e d magnetosomes.
These i n t e r a c t i o n s a c c o u n t n o t o n l y t h e h i g h e r s a t u r a t i o n f i e l d and lower J,/J, r a t i o , b u t a l s o f o r t h e s i g n i f i c a n t l y lower c o e r c i v i t y o f o n l y 105 Oe and c o e r c i v e f o r c e o f remanence of 140 Oe i n t h e l a t t e r sample [ 71.
X-ray measurements (Table 11 ) confirm the presence of magnetite (FejO4) in both the magnetotactic c e l l s and t h e e x t r a c t e d magnetosomes. The individual. m a g n e t i t e p a r t i c l e s i n s t r a i n MS-I a r e i n t h e s i n g l e magnetic domain s i z e range [ 81. The l i n e a r c o n f i g u r a -
t i o n o f t h e magnetosome implies a s t r u c t u r a l c o n s t r a i n t on t h e p o s i t i o n o f t h e p a r t i c l e [ 4 ] . I f t h e p a r t i c l e s were f r e e t o move i n t h e c y t o p l a s m t h e y would clump i n o r d e r t o r e d u c e t h e m a g n e t o t a c t i c energy. I n t h e l i n e a r c o n f i g u r a t i o n , i n t e r a c t i o n s between t h e i n d i v i d u a l p a r t i c l e s a l i g n t h e moments p a r a l l e l t o e a c h o t h e r a l o n g t h e c h a i n d i r e c t i o n [ 9 ]. Thus, t h e e n t i r e c h a i n a c t s a s a s i n g l e domain magnetic dipole (m G-cm3) w i t h s t r o n g u n i a x i a l a n i s otropy. This is c o n s i s t e n t w i t h t h e r a t i o o f t h e s a t u r a t i o n remanence t o t h e s a t u r a t i o n m a g n e t i z a t i o n J r / J s = 0.47. According t o S t o n e r and
Wohlfarth [ 7 1 t h i s r a t i o a p p r o a c h e s 0 . 5 0 f o r an i s o t r o p i c , randomly o r i e n t e d a r r a y o f n o n -i n t e r a c t i n g u n i a x i a l s i n g l e domain magnetic moments.
I f t h e r e v e r s a l o f t h e m a g n e t i z a t i o n o c c u r r e d by c o h e r e n t r o t a t i o n o f t h e i n d i v i d u a l p a r t i c l e moments, the expected coercive force would b e c l o s e t o t h e i n t r i n s i c c o e r c i v e f o r c e Hc 3000 Oe. The observed Hc = 220 Oe suggests a nonsymmetric fanning mechanism f o r t h e moment r e v e r s a l , a s e n v i s i o n e d by Jacobs and Bean [ 93.
In conclusion, magnetotactic cells have bulk m a g n e t i c p r o p e r t i e s c l o s e t o t h o s e e x p e c t e d f o r an a r r a y o f w e a k l y i n t e r a c t i n g s i n g l e m a g n e t i c domains. The bulk magnetic properties of t h e e x t r a c t e d magnetosomes r e f l e c t t h e h i g h e r d e n s i t y of magnetic material w i t h s t r o n g e r i n t e r a c t i o n s between the magnetosome moments. Thus t h e magnetism of t h e i n d i v i d u a l c e l l r e s i d e s i n t h e i r magnetosome. The nonmagnetotactic c e l l s which do not contain magnetosomes a r e nonmagnetic. These observations confirm the magnetot a c t i c r e s p o n s e i n
MS-l is i n t i m a t e l y a s s o c i a t e d w i t h
the-magnetosome, a u n i q u e b i o l o g i c a l s t r u c t u r e c o n s i s t i n g o f s i n g l e domain p a r t i c l e s o f magnetite t h a t f u n c t i o n s a s a single magnetic domain. Rigid attachment of the magnetosome i n s i d e t h e c e l l w i t h t h e d i p o l e moment o r i e n t e d a l o n g t h e a x i s o f m o t i l i t y r e s u l t s i n t h e d i r e c t e d swimming o f t h e c e l l a l o n g m a g n e t i c f i e l d l i n e s .
The b i o l o g i c a l s i g n i f i c a n c e o f magnetotaxis has been discussed [I, 6 , IO].
species [ l l , 1 2 , 131 , some of which demonstrate geomagnetic s e n s i t i v i t y . However, o n l y i n m a g n e t o t a c t i c b a c t e r i a h a s t h e a s s o c i a t i o n of magnetite with the magnetotactic response been conclusively demonstrated.
Magnetite has been identified in several animal
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